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PURPOSE,
The purpose of the study was 10 aid in developing the
designs of the penstock entrance and lower bend for
the: Thivd Powerplant at Grand Coulee Dam.
RESULTS
1. The entrance curve of the initial penstock entrance
was 100 abrupt as snown by the high head‘loss (0,19

h,,} and the pressure drop coefficients..Figure &.

2. Replacing the abrupt entrance curve with a Ionger

“more gradual curve reduced the head loss coefficient to
0.14. The pressure distribution on the entrance

boundaries was also imaroved, Figdre 8.

3. To réduce the overall cost of the structure, the
height-to-width ratio of the entrance was changed from
2:1 10 1-1/2:1. With the same gradval entrance curves
used in the modified original entrance the head loss
coefficient dropped to 0.13. Pressure distribution on
the houndaries was about the same. '

4, Vortex tendencies were about the same for both
entrances and - indicated that there might be vortex
., action within the anticipated operating limits.

5. The recommended: entrance based on a smaller
bellmouth, a '1:1/2:1 height-to-width ratio,
incorporating ne'éessary structural considerations was
constructed for the model, Figure 11, The head ioss
coefficient with this configuration was 0.08, Figure 12.

Because of the fiat surface at the start of the entrance- -
curves, the pressure distribution on the boundaries was

not as good as in the previous designs, Figure ‘13,
Pressure fluctuation on the boundaries was also
adversely affected by the geometry, particularly with
asymmetrical approach flow, but was not considered
unsatisfaciory. Velocity distribution in the penstock
was very good, Figure 14. There was some turbulent
flow in the penstock with asymmetrical approach flow,

6. To try to alleviate some of the adverse flow
conditions found with asymmetrica! approach flow, an
entrance with flared entrance curves on the |eft side
and top was tested, Figure 15. The head loss and
pressure drop coefficients, the pressure fluctlations,
and the velocity distribution were slightly improved
with the flared entrance. However, turbulence in the
penstock was much worse. Because Of the excessive
turbulence and the larger size stoplogs required, a
+ symmetrical entrance for prototype instaliation was
used,

and

7. The proposed trashrack will add to the head‘ioss,
but should not cause significant difference in the
pressure drop or vefocity disttibution in the entrance.

8. A smailer model with an entrance area to penstock
area ratio of 0.9:1 was giso tested. in alfl tests this
entrance showed poorer hydraulic conditions. '
9. Three types of lower bends were investigated. No
particular comparative’ hydraulic advantages were
- noted. . '

APPLICATIONS

Although thase tests. were performed to aid in .the
development of the peni Focxs Tor the  Grand’ Coulee
* Third Powerplant. the data have been presented in a
‘dimensionless form that r[an be used in the design of '
other low velocity conduits or penstock entrances.

INTRODUCTION "

Grand Coulee Darﬁ is on the Columbiz River about 90

miles {145 'km) west of Spokane, Washington. The.

original dam ‘was constructed during the period 1933
to 1942, The primary hydraulic features of the dam

-
include a spillway, multiple outlet works, a powt-'rp!ant‘—'

on gach abutment, and a pump~stofage facmty in the
left abutment.

Thé Columbia River Treaty with Canada made possible
additional storage capacity upstream from Grand

Coulee Dam. Previously, water has been wasted over

the spillway. Therefore, the Third Powerplant was
conceived to utilize this flow and become a profltable

- addition to the Grand Coulee complex.

Based on ‘current {1974) oplanning, the Third
Powearpiant, Figure 1, will have an ultimate capacity of
mare than 8,100 megawatts {MW) through 12
gemerating units, Six units are authorized, Three
600-MW units are now under -construction and the -
other three authorized units W|Il be increased in size to.
700 MW

Three hydraulic model swdies were made during the -
development of the Third Powerplant design. The first -

study was 10 canfirm the des:gn of the forebay channel
and tailiace for both & and 12-unit configurations, The
results of'this study have been reported in Report No,
REC-ERC-73-2, “Hydraulic Model Studies for Grand
Couplee Third Powerplant Forebay and Tailrace




Channels,” by D. L. King. The second study was to aid
in the development of the penstock design and is the
subject of this report. The third study was to
determine the vortex characteristics of the forebay
channel and tailrace. The resufts of the vartex study is
contained in a report by E. R. Zeigler entitled,
“Hydraulic Mode! Vortex Tests—-Grand Ceulee Thiid
Powerplant.”

THE MODEL

The studies deseribed herein wwere performed on a
1:41.74 scale model of the penstock and inciuded the
penstock entrance; transition between the entrance and
penstocls; and the penstock, including the two verdical
bends, down to the scrollcase, Figure 2.

The 40-foot (12.18.meter) diameter penstock wwas
represented by 11.5-inch {39.6.cm) diameter clear
plastic pipe. The penstock entrance ang the elbows
were also constructed of clear plastic, Water was
supplied to the model penstock entrance through a
12-faot (3.7-meter} square by 14-foot {4.3-meter) high
tank to represent flow from the reservoir.

Discharge quantities were measured with Venturi
meters in the permanent laboratory supply system.
Pressures were measured by piezometers connected to
open tube water manometers or pressure transducers,
Velacity measurements in the penstock were made by
pitot cylinders connected to water manometers.
Turbuience determinations were obtained by placing a
pressure transducer on the irnpact lead of the pitot

Figure 2. 1:41.74
P1222-D-74685

scale model aof penstock. Photo

cylinder and recording the instantaneous fluctuations
on an oscillograph, Reservoir elevations and ambient
pressures  in  the penstocks were obtained by
piezometrrs connected to water manometers.

The model was designed and all test results were
analyzed on the basis of the Froude relationship. The
limited vortax observations reported were also made
with the panstock discharge {and flow velocity) based
on the Frouce refationship. Some authorities believe
ti'wt voirtex characteristics should be studied on an
equal velogity basis, which wouyld require that the
model pensick flow velocity be the same as the
pratotype velocity, or for this study, 27.7 ft/sec (8.5
meters). Thiswould rave required a madel discharge of
almest 20 cfs {0.57 cu m/sec), which could not be
attained in this test facility.

THE INVESTIGATION

tn 1966, a Value Engineering Tearn was formed in the
Engineering and Research Center in Denver to
systematically analyze the procedures used tc design a
penstock entrance. The team concluded that the then
current design practices could be medified to provide a
substantial reduction in costs without sacrificing the
basic functions or safety of the structure, Included in
the recommended modifications were reductions in the
size of the bellmouth entrance and gate and
simplification of the entrance curves,

The modified design principles recommended by the
team were used in the design of the perstock entrances
for the Third Powerplant. Since this design was &
departure from accepted practices, hydraulic model
studies were used to aid in developing the entrance and
to verify the design of the entrance, transition, and
penstock down to the scrollcase,

Preliminary Entrance Studies

Initial entrance.—The initial entrance utilized a very
small, simple radius, hellmouth entrance curve, a gate
section with a height-to-width ratio of 2:1, a gate
area-to-penstock area ratio of 1.00, and a constant area
trantition hetween the gate section and the penstock,
Figure 3.

The head loss through the entrance and the pressure
distribution on the #ntrance boundary surfaces were
evaluated. The head loss was measured from the
reservoir to a point midway between the end of the
transition and the start of the curve (P.C.) of the upper
penstock etbow, Figure 4. This measurement included
the [osses caused by the bellmouth entrance curve, the
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gate sectior, and the rectangular-to-circular transition;
noattempt was made io separate the form lass and the

“friction loss, Since the lnss designated as the entrance
loss was measured in a comparatively short length of -

the structure, it probably did not truly represent the
total loss caused by this portion of the structure and
should be considered a qualitative measurement used

to compare various configurations. {Note: -The loss is

the reservoir elevation minus the sum of the
piezometric elevation pressure head and velocity head

at the downstream station.) For convenience the head .
© loss has been converted to a loss coefficient by dividing

the total loss by the velocity head {h,) of the flowin
the penstock In turn, this coefficient has. been refated
to -the Reynolds number of the flow in the model
penstock. The Reynolds number for the model ranged
from 3.0 x 10° to 1.4 x 10%._ [Mode! discharge range
2.5 10 12.3 cfs (0.07 to .35 cu m/sec).]

For the initial structure, the head loss ranged from
0.325 h, at the fow Reynolds number to 0.190 h,, at
the high Reynolds number, The steep slope of the Ioss

. coefficient curve mdlcated that the coefficient would

probably become smaller if it had been possible:to
discharge a Iarger flows quantlty through the model
penstock,

The second measurement obtained to evaluate the

entrance was the pressure distribution on the flow
surfaces. Piezometers were located along the roof
centerline and left side centerline from the P.T. of the
entrance curve to  a short distance into the

rectangular-to-circular transition, Figure 5.

TRANGITICH e et

ENTRANCE -

Foce of Dam ———s

086D

PART ELEVATIO_N ALOP‘Q‘G TaP ¢ -

Mate® D = Penstoca Lhometer
e

2

PART PLAN ALONG LEFT SIDE €

Figure 5. Piezometer locations, initial entrance,

S

The pressures have been converted to pressure drop
coefficients,” which is the drop from™ the reservoir
elevation to the piezometer pressure head elevation
divided by the velocity head of the flow in the
penstock. The pressure drop coefficients for the initial
entrance are shown-on Flgure 6. The curves show an
extreme pressure drop on both the roof and 5|de of the

‘entrance. The pressuré” drop coefficient was about 2.4

at the downstream tangent point (P.T.) of the entrance
curve and abruptly dropped to about 1.5 immediately
downstream from the gate slot near the end of the
rectangular section. The coefficients then gradually fell
and leveled off at about 1.2 in the transition. The

measurements indicated that the.entrance curve was

much too sharp and the flow might separate from the
sidewalls at the entrance. A short distance downsiream
from the entrance (at the start of the
rectangu | ar- to«mrcuiar transition) the -pressure "drop
coefficients decreased in value and eventually reflectad
the friction energy loss and. change in velocity. The

drop - coefficierit of 2.4 was equivalent to a pressure :
- drop.at the entrance of about 29 feet (8.8 meters) for

normal penstock operation.. Downstream _where the

curves had -stabilized, the pressure drop was about

14-1/2 feet (4.4 meters) which is about the same as'the
sum of the measured friction energy loss between the
two points and the velocity head in the penstock.

Observations were made to determing the reservoir

elevation at which vortices would be likely to appear

W
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PENSTOCK ENTRANGE

Figure 6. Pressure drap coefficients, initial design, -
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over the entrance, For these obsesvations, a discharge
of about 50,000 cfs {1,400 cu m/sec) was used. This
flow produced a model velecity of abaut 6.2 ftfsec
{1.B m/sec} equivalent to a prototype velocity of-

aimost 40 fi/sec (12 m/sec). [The design flow had not

been finalized at the time of these initial studjes and

was eventually set at 34,850 cfs {386 cu m/sec), ining

a flow velocity of about 27.7 ft/sec (8.4 m/sac} in the .
penstock.] This test showed that the initial small swirfs

appearing over the entrance at reservoir elevation 1262

1122 feet {37.2 meters) above the entrance centerline]

developed into constant strong {well-formed) vortices

when the reservoir fell to elevation 1230.

Maximum reservoir water surface wiil be at elevation

1290 and minimum reservoir water surface will be '

1208. The well-formed vortices that formed at
elevation 1239 in the model suggest that air-entraining
vortices could form in the prototype structure at or
near the same reservoir elevation,

First modification.—The 2:1 height-to-width ratio was
retained, but a bellmouth entrance curve with a
compound radius replaced the simple radius of the
initial entrance, Figure 7. In:effect, the bellmouth
entrance provided a more gradual increase in velocity
for the flow entering the penstock. The more gradual
convergence would be expected to reduce the head loss
in the entrance and provide a more favorable pressure’\
distribution on the flow surfaces,

The head loss coefficient ranged from about 0.103 at a
Reynolds number of 3 x 10% to 0.138 at a Reynalds
number of 1.4°x 10%, a significant, improvement over
the initial entrance. The pressure distrioution on the

BIHFNSFON CURYE | CURYE 2 CURVE 3 CLAVE &
X, 1320 o aes 0 D
' 3570 w20 18I0 (1]
Xy fad ] 2z0 44D -
", 173D 3o a3 p 56 o
t 1220 83 0610 -
R, e 24 o8e D 096 D
7, ™o 520 w0r -

Note

Curve ™4 used on initio! design,

Curve ™35 used on Sth midduation.

Curve ™2 wed on 2nd ond et modificotrons,

Curve ®1 used on 15t ond 3rd megifications

Free of Dom D = Peaysotk ciomeler

Figure 7. Comparison of porial curves.

PRESSURE OROP COEF.

flow surfaces also showed a considerable i improvement,
©n the roof centerline the pressure drap coafficient
was about 1.0 at the entrance, reduced to about 0.6
near the’ start of the rectangular-to-circular transition,
and then gradually increased to about 1.1 in the
transition, Figure 8. The pressure distribution on the
sidecenterline showed a slightly different trend. The
pressure drop coefficients were about 1.3 at the
entrance, slightly declined to 1.2 a short distance inside
the entrance, and gradually increased to 1.3 at the start
of the transition. In the transition the coefficients

~decreased to a minimum value of about 0.95 before

starting an increase to about 1.15.

The vortex characteristics were slightly improved with

this entrance. At the same test discharges used for the
initial entrance, a very slight tendency (intermittent}
for a vortex to form over the entrance was noted at
reservoir elevation 1280, the same as noted previously.

“However, the strong, steady vortex did not appear until

reservoir elevation 1230 was reached, about 3 feet (2.7
meters} lower than with the initial entrance.
Second modification.—The entrange curve was
modified by adding modeling clay to provide a more
abrupt curve, Figure 7. The curve thus formed was
elliptical and formed a boundary  about midway
between the original entrance and the first
modification. This method of modifying the entrance
covered the piezometer openings, making it impossible
to determine pressure distribution on the flow surfaces.
However, the head loss coefficients were essentially
unchanged from the first madification,

Third modification.—A more economical entrance was
believed 1o be achievable’if the height-width ratio was
chenged to 1-1/2:1, Also this would aifow for greater

] ¥ T S' =
p—— ide Cenverline
.——‘f" '{:.‘Piezumefers
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Hy = Fressure drwp from reservolr to plnamefur

vV =Velocity in conduit,

L =Horizantol . ﬁ(smnca from fove-af anrrun:e to
plezometers,

O =Conduit dlameter.

PENSTOCK ENTRANCE

Figure 8. Pressure drop coefficients, first madiﬁcatinn.




submergence at normal reservoir operating levels and
thus should reduce the tendency for vortices to form,
Figures 7 and 9. :

The curves at the portal of this entrance were the same
as for the first modification. The three tests used to
evaluate this concept ., were :head loss, pressure
distribution, and vortex tendency. '

The head loss measurement showed a significant ..,
improvement aver the previous entrances. The head

loss coefficient ranged from 0.083 at a Reynolds
number of 3 x 10° to 0.126 at 1.4 x 10°. At the higher
Reynolds numbers, the coefficient curve appeared to
be asymptotic, indicating that the head loss coefficient
in the prototype structure would be close to 0.13.

The pressure distribution on the flow surfaces was
about the ‘same as with the first modification which
had the same portal curte, The pressure drop
coefficients obtained from the roof piezometers were

tetween 1.2 and 1.3 near the portal, fell to about 0.5

near the gate slot, then gradually increased to about
1.1 in - the rectangular-to-circular transition. The
pressure drop coefficients along the sides were about
the same near the portél but remained near the 1.2 to
1.3 value down to the transition, and dropped to just
under 1.0'in the transition, Figure 10,

With this entrance there was a slight intermittent

tendency for a vortex to _form between reservoir

elevation 1250 and 1285. A strong, fairly consistent
vortex did not form untif the reservoir water surface
dropped to elevation 1230, about the same as with the
first modification.

Fourth and fifth moditications.—Modeling clay. was
placed on the entrance curves to form the same
entrance shape as in the second modification, Head loss
coefficients were virtually unchanged from those

obtained from the third modification. No pressure

distribution or vortex characterfstic

1ests . were
performed. 2 i
Additional modeling clay was added to the entrance
curves to form a curve that was approximately midway
between the original curve and that used for the second
and fourth modifications, Figure 7. The head loss
coefficients increased and now ranged from 0.10 at low
Reynolds number to 0.16 at the high Reynolds
number, The coefficient obtained at the high Reynalds
number indicated a prototype loss nearly as large as
would be obtained with the original entrance,

Recommended Entrance Studies

The preliminary tests had shown that the penstock
entrance should have a height-to-width ratio of 1-1/2:1
and that the portal curve should have a compound
radius, The entrance was redesigned incorporating
these features but modifying the portal curve to
include the stoplog guides and seat. In-effect, the
upstream end of the curves were cut off to allow a-
biockout for ultimate instaltation of the guides, Figure

11. The entrance had compound radius curves at the | -

portal on all four sides. The upstream ends of the
curves were cut off to allow for the stoplog guides. The
guides “were .placed so that they would not protrude
into an imaginary boundary that would be formed fiad
the entrance curves been complete. |t was helieved that
this alinement would cause less turbulence at the
entrance, Another difference from the earlier entrances
was that the approach channel had to be lowered 10
feet. This required .a curve -on the invert of the
enfrance.

The height-to-width ratio of the entrance was‘1-1/2:1,
and the area at the gate section was equal to the area of
the penstock. The rectanguiar-to-circular transition
downstream of the gate section was 40 feet long and
was symmetrical about the vertical centerline, but the
convergence of the roof toward the horizontal
centerline was greater than the floor convergence, Four
rows of piezometers were installed: right side .
centerline, top right corner, top centerline, and left
side centerline, All features are shown.in Eigure 11,

Tests used in this part of the investigation included
head loss measurements in the entrance, velotity
distribution in the penstock downstream from the
bends, pressure distribution on the entrance curve

surfaces, dynamic - variation of these pressures,
turbulence measurements in the penstock, and a few
tests to determine vortex characteristics.

Approach flow test conditions were with and without a
trashrack at: the entrance, and with the  flow
approaching the entrance from directly in front or
approaching from the left side so that the flow turned
nearly 90% to enter the penstock. The reason for

~ having the flow enter from the side was to more nearly

represent the true approach condition that will exist in
the prototype structure. The eariier development tests
had been made with the flow entering from in front;
therefore, this test.condition was also continued so as
10 have, a direct basis for comparison with the previous
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PENSTOCK ENTRANGE
Figure 10. Pressure drop coefficients, third mogjfication.
. !r

designs, Mot all tests were made w:th all the possmle
combinations of these approach’ conditions.

Head loss coefficient.—The head loss coefficient for
this configuration, that is, with the fiow approaching
from the front and no trashrack, was 0.08, Curve 1 on
Figure 12, This was a considerable improvement over
the previous test. Apparently, eliminating the upstream
end of the curve was more than compensated by
placing the strearmnlined-curve on the invert. When the
trashrack was instalted the loss coefticient increased to
0.125 (Curve 2‘ “.oss coefficients were not obtained
with flow approar‘mng from the side.

Pressure drop coefficients.—The effect of the flot
surface at the upstream end of the cusve was apparent
in the pressure distribution. In the top right corner the
piezometer at the” start- of the curve indicated a
pressure drop coefficient of 1.2, and at the second
piezometer {one-half inch downstream} the drop
coefficient increased to 1.9, Figure 13. The top

. centerline piezometers showed the same tendancy, that
'+ Ts, a coefficient of 1.2 at the first piezometer and 1.4 at

the second piezometer. The coefficients remained high
in the corner, and at the centerline the coefficients
gradually reduced to below unity,  Figure 13. The

o

piezometers on the right side centeriine registered a

pressure drop coefficient of 1.6 at the first'piezometer
and gradually dropped to near 1.0 in the transition.

When the flow approached from’the left side and all
was diverted into the penstock, the top centerline

piezometers showed an increase in the pressure drop .

coefiicient to 2.5 at the first piezometer, gradually

reduced to less than 0.8 at the start of the transition,
and then showed z sudden increase to 2.3 in the
transition, Pressure drop coefficients at the right side

e e i

piezometers were the same as with symmetrical
approach flow, but the pressure drap coefficients along
the top right corner were only 0.8 at the first
piezometer and increased 10 13 a short distance

P = do\;mstream Figure 13.

Measurements were alsc- made with flow approaching
from the side and maximum discharge diverted into the
penstock and an equal discharge allowed to flow past
the penstock..entrance where it was diverted into a
bypass line, which simulated flow through more than
one penstock. This approach flow condition did not
significantly affect the pressure distribution in the
entrance except along the right. side, Figure *13. The

.. Pressure coefficients along the right side centerhne

~nere only (L8 at the upstream end, dropped to 0.5 a
short distance downstream, and then increased to 1.0
The low pressure coefficients indicated that the flow
impinged on the wall in.this area. The force of the
impingement "was not sufficient to"be of concern,
however,

Fressure fluctuations.—Initantaneous pressure
fluctuations were also measured at most of the
piezometers that had been used to obtain the pressure
coefficients. The pressure fluctuations indicate the
degree of turbulence along the flow boundaries and
whether instantaneous pressures exist that might be
significantly above or below an average pressure,

For all' three approach flow!canditions and at all
piezometers, the total préssure fluctuation . was
between & and 24 inches {15 and 60 cm) of water
(prototype value]. The greatest fluctuation always
occurred at the roof centerline piezometers and was
between 12 and 24 inches {30 and 80 cm} of water,
The frequency of fluctuation was about 1 hertz. The
fluctuation - pattern was very regular with the
symmetrical approach flow but was uneven or irregular
for the two asymmetrical approach flow conditions.

= Velocity distribution in penstock, —Tests were made to

determine the velocity distribution in the penstock for

both symmetrical and asymmetrical approach flow.

The velocity distribution was not obtained with part*’"o'f")
the flow bypassing the entrance. Because of the
physical limitations of the model, it was not possibie to
measure the velocity distribution between the entrance
and the upper vertical bend. The velocity distribution
was obtained from vertical, horizontal, and diagonal

_traverses with a pitot cylinder at stations 40 feet

upstream and downstream from the lower vertical
bend. The pitot cylinder measurements were converted
to the equivalent prototype velocities which were used
to draw the isovel diagrams shown on Figure 14. -

REE
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HEAD LOSS COEFFICIENT - C

=]

Heod Loss = C-;'—;—
V = Velocity in 4Q'- Dia,
panstock .

e

~

Figure 12. Entrance head {oss.

The distance between the penstock entrance and the
velocity traverse station in the:.penstock and the fact
that the flow went through the upper bend no doubt
had some effect on the velocity pattern. However, it
was felt that a comparison of tie two isovel diagrams
would show any effect of the approach flow
conditions, The wvelocity distribution with the
symmetrical approach flow showed that flow near the
crown was at a slightly higher velocity than the average
velocity, and in the lower left quadrant the velocity was
slightly below average. The higher velocity near the
crown and reduced velocity near the invert could be

“the result of the certrifugal effect of the flow going
around the bend, There is no apparent explanation for
the slight asymmetry of the low velocity area,

With the “asymmetrical approach flow the velocity
distribution in the penstock was better than it had
been with the symmetrical approach flow. There was
still a tendency for a higher velocity on the right side,
but it was not as pronounced as in the previous test.
Downstream from the lower bend, the velocity
distribution in the penstock was very syrmmetricat
except for a slight tendency toward lower velocity in
the crown caused by the centrifugal effect of the flow
going around the bend, Figure 14. '

Turbutence measurements.—Although- the velocity
distribution had not indicated excessive flow

REYNOLD'S NO. x 1075

A. Symmetrical Entrance
Symmetrical Approoch Flow
I. No trashrock
~2. With trashrock

B. Unsymmetrical Entrance
Symmetrical Approach Flow
3. No trashrack
4. With troshrgck
Unsymmetrical Appragch Flow
5. No trashrack

asymmetry along the houndaries of the penstock,

measurements were made to determine whether there

was turbulence or flow asymmetry in the flow not
adjacent to the boundaries. These measurements were
made by placing a pressure transducer on the total

{impact) head line of the pitot cylinder and recording

the pressure  fluctuations on an . oscillograph. The

fluctuations were obtained along the same traverses

used for the velocity distribution measurements. The
oscillograph recardings are shown in the appendix,

Plates 1 10 8. '

A descriptian of the oscillographs Tollows:

{1} [Symmetrical approach flow—40-feot
(12.2-meter) diameter conduit] .—On the horizontal
traverse _pfessure fluctuations were noticeable but
not considered extreme; magnitudé was equivalent”
to about 1.5 feet [0.46 meter) of water at a
frequency of about 2 hertz. The fluctuations were
about the same across the full width of the conduit,
The vertical traverse showed very slight pressure
fluctuations, less than a half foot (15 cm!} in
magnitude at the same frequency &s the horizontal
traverse. In the diagonal traverse from left to right,

““the magnitude and frequency of the pressure
fluctuations were about the same as for the
horizontal traverse- and were also the same across
most of the conduit except for a section just below
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K—%— where Hy = Pressure drop from reservoir o piezameter and V= Velomy

5. =in penstock.
L=Horizontal distance from face of entrance. D= Penstock diomefer.
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o—"—0 Unsymmefrlcol opproach flow - half of flow en+ers penstock, half of
. fiow bypusses penstock,

' - PENSTOCK ENTRANGE

Figure'—'T 3. Recommended design, pressure distributioﬁ.




A. SYMMETRICAL A.PPROACH FLOWl . B. UNSYMMETRICAL APPROACH FLOW
40-FT. DIAMETER PENSTOCK-40-FT. UPSTREAM FROM
PC. OF LOWER BEND. AVERAGE VELOGITY=27.7 FT./SEC:

C. SYMMETRICAL APPROACH FLOW  D. UNSYMMETRICAL APPROACH FLOW
35 FT. DIAMETER PENSTOCK-40-FT. DOWNSTREAM FROM

PT. OF LOWER BEND. AVERAGE VELOGITY: 36.2 FT./SEG.

Figure 14, Velocity distribution in ‘penistock, recommended &ésign,
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and to the right of the center where the magnitude
increased to about 2.5 feet {0.76 meter} of water,
The pressure fluctuations on the right-to-left
diagonal traverse were very similar in  both
magnitude and freguency to those obtained from
the vertical traverse, These measurements indicated
that there was more turbulence in_the flow in the
lower part of the upper left guadrant and upper part
of the lower right guadrant when the approar:h flow
was symmetncal

(2} [Symmetrical approach flow— 35-foot
{10.7-meter} diagmeter conduit]l.—In the
3b-foot-diameter conduit deownstream from the
lower bend, there were no turbulent areas except
for a small section near the crown of the conduit
along the vertical traverse,
(3} [Asymmetrical approach
{12.2-meter} diameter conduit].—On the horizontal
traverse the turbulence was about the same as had
been determined with the symmetrical approach
flow. The vertical traverse indicated goed flow
conditions over the top two-thirds, but in the lower
one-third, extreme turbuience was encountered, The
magnitude of the pressure fluctuations was in the
order of 3 feet {0.91 meter} of water at a freqlrency
of about ? hertz. Pressure fluctuations along the
left-to-right diagonal traverse were negligible. Along
the right-to-left diagonal -traverse, pressure

fluctuations in the order of 2 to 2.5 feet {0.61 to

0.76 meter) were measured.

With the asymmetrical approach flow, two areas of

turbulence were noted; the entire fower left
quadrant had -turbulent flow conditions, and the
fower half of the upper right guadrant showed
turbu Ient conditions.

(4) [Asymmetrical approach flow—35-foot
{10.7-meter} diameter conduit].—In "the
35-foot-diameter conduit the turbulent area covered

the entire upper right quadrant. The pressuye
were particularly violent near the

fluctuations
crown along the ecenterline. Flow in the remaining
portion, of the conduit at this section was very
stable.

Summary of tests.—Generally speaking, flow
conditions in the penstock with the recommended
entrance were satisfactory. Some operating conditions
gave rise t¢jconcern about the overali-offectiveness,

especially for asymmetrical approach fiow. These are
worsummarized below: :

flow—40-foot

"0.108 compared

(1) Head loss coefficient,~The head loss coefficient
increased from 0.0BO with symmetrical approach
flow to 0.125 with asymmetrical approach flow.

{2) Pressure drop coefficient along surface curves of
the entrance.—On the top centerline the pressure
drop coefficient increased from 14  with
symmetrical approach flow to 2.4 with
asymmetrical approach flow.

{3} Turbulence in penstock.—With asymmetrical
approach flow the degree of turbulence increased,
and there were more turbulent areas.

In the tests for dynamic pressures along the entrance
curve surfaces and” velpcity distribution in  the
penstock, very little difference was noted between
symmetrical and asymmetrical approach flow. ’

Flared Entrance Studies

=1t was thought that if the entrance curves were flared

along the crown and along the left side toward the
direction from which the asymmetrical approach flow
originated, some of the adverse flow conditions might
be alleviated. To determine this, a new entrance was
constructed. The 1-1/2:1 height-to-width ratio, the
area at the rectangular section {gate section) equal to
the penstock grea, and the compound radius entrance
curves on the right side and invert were retained. The
only change was to use a simple radius for the entrance
curves on the crown and left side, Figure 15,

Tests used to evaluate ‘this concept were: (1) the
entrance head loss; (2) pressure drop along the
entrance curves; {3} dynamic pressures along the
entrance curves;, (4} velocity’ distribution in the
penstock; and (B} turbulence measurements in the
penstock. '

Entrance head foss.—The entrance head loss coefficient
with symmetrical and asymmetrical approach flow was )
to 0.080 for the symmetrical’
approach and 0.125 for the asymmetrical approach
obtained with the symmetrical entrance, Figure 12
{Curves 3, 4, and 5), The improved loss coefficient
with asymmetrical approach flow showed that flaring
the entrance in. the direction of the approach flow
allowed the water to enter smoothly, creating very
little turbulence.

Pressure drop cqefﬁcients. —~With symmetrical approach
flow there was very little change in the magnitude of
the pressure drop coefficients. In some cases the high
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two entrances for -the asymmsatrical approach
condition, For four of the five evaluation points (head
loss, pressure drop coefficients, pressure fluctuation on
surfaces, and velocity distribution in penstock) the
flared entrance proved slightly more advantageous, The
fifth evaluator (turbulence in penstock) was much
worse with the flared entrance, particularly in the
35-foot (10.7-meter) diameter section. It was felt that
turbulence at the entrance to the serolicase would
adversely affect the turbine operation and that the best
possible scrollcase entrance conditions should be Usid.
Also, the flared entrance. would require larger and
heavier stoplogs to span the wider opening. The
expense of the larger stoplogs would probably ‘more
than offset the cost savings der_iv_gd from the lower

H
K-:%where Hq =Pressure drop from reservair to piezometer
73 and V= Velocity in penstock,
L =Horizontal gistonce from foce of entrance. o= Pensm:l\

——— Symmetricof approach fiow.
N-=-==-=< Unsymmetricol approach flow - afl flew enters

e Unsymmetrical approoch flow - holf of flcw

enters penstock, half of flow byposses
penstock,

PENSTOGK ENTRANGE

3

TOP GENTERLINE PiEZUMETEHS

D
AIGHT CORHER PIEZOMETERS

. L )
RIGHT SIDE CENTERLINE PIEZQMETERS

Figure 16. Flared entrance, pressure distribution,

head loss coefficient. Bused on these two criteria, the
symmetrical entrance as shown on F|gure 11 was used
for the prototype Installanon

Trashrack Studies

A scale model of the proposed trashrack design was
constructed for the penstock entrance Figure 18. The
model repr95ented to scale, the width, length, and
spacung of all the bars and structural members.

%"Th following observanons were made to determine

the effect of the trashrack in front of both the
symmetrical and flared  entrance w1th symmetrical
apnroach flow




A. SYMMETRICAL APPROACH FLOW B. UNSYMMETRICAL APPROACH FLOW

40-FT. DIAMETER PENSTOCK-40-FT. UPSTREAM-FROM
RPC. OF LOWER BEND. AVERAGE VELOGCITY=27.7 FT /SEC

G. SYMMETRICAL APPROACH FLOW

D. UNS\"‘JI'METRICAL APPROACH FLOW
35 FT. DIAMETER PENSTOCK-40-FT. DOWNSTREAM FROM

PT. OF LOWER BEND:, AVERAGE VELOCITY= 36.2 FT./SEC.

Figure 17. Velocity distribution in penstock, flared entrance.
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Figure 18, Trashrack ia frant of penstock entrance. Photo
P1222-D-74686

Head loss coefficient.—The trashrack increased the loss
coefficient for the symmetrical entrance from 0.080 to~
0.125. The trashrack did not change the head loss
coefficient for the flared entrance.

Pressure drop coefficient,—The trashrack did not affect
‘the pressure drop coefficients for the flared entrance,
Thls observation was not made with- the symmetrlcai
entrance,

Velocity distribution.—(This comparison was made .

with only the fiared entrance.) The trashrack seemed
to make minor changes in the velocity distribution in
the penstock, Figure 18. For the 40-foot {12.2-meter:
diameter section,

35-foot (10.7-meter} diameter section, a reduced
velocity core formed in the center of the section, Even
with  these anomalies the velocity distribution was
excellent. -

Conclusions.—The trashrack will increase the head loss
through the structure and tend to smooth out some
flow irregularities in the penstock.

" vertical,

the elevated and reduced vefocn‘y -
areas rotated about 30° counterclockwise; in the:r

Bend Stud't,gg_‘_\ 0
Bath the upper and lower elbows of the penstock were
studied in the model, The upper elbocw has a 45°
vertical bend with a 160-foot (48.8-meter) radius. The
degree of curvature and radius of the upper elbow had
been fixed by structural and construction
considerations and would not be changed unless the
hydraulic investigations showed that they were entirely
inadequate. However, both the degree of curvature and
radius of curvature were considered ta be conservative;
subsequent tests confirmed this.

The configuration of the lower elbow was not
restricted by these considerations, so three different
elbows were tested to determine the most efficient and
ecanomical combination, Figure 20. The penstock
from the intake at the reservoir to the lower elbow was
40 feet (12.2 metzrs} in diameter, The entrance to the
scrollcase approximately 20  feset (6.1 meters
downstream from the P, T. of the lower elbow was 35
feet {10.7 meters) in d|ameter A means of reducing
thé. penstock diameter was included in the lower elbow
design. The three elbows tested were a 459, 140-foot
{42.7-meter} radius with the penstock diameter
reducing from 49 to 356 feet; a 45°, 100-foot
{30.5-meter) radiys with the penstock diameter
reducing from 40 to 35 feet; and a 45°, 100-foot
radius constant 40-foot diametér, followed by a.
20-foot-long cona to reduce the penstock dlameter to
35 feet,

Two tests \fygre used to evaluate the lower bend. One
was to measure the velocity distribution at the P.C. of

the bend and 35 feet {one diameter) downstream from

the P.T. of the bend. The second test was to determine
the energy [oss between the same, Two paints,

The veloctty dm:rlbunon was obtalned by maklng
horrzontal and diagonal. velocity traverses
across the penstock and plotting .isovels from these

" data. The energy loss was obtained by subtracting the

sum of the measured pressure head and: the computed
velacity head at the downstream ‘station {P.T.} from
the sum of the measured™ pressure head and the
computed velocity head at the upstream stztion {P.C.).
For purposes of comparison, the ioss has been
expressed as @ loss coefficient, K, which is the energy
loss divided py -the velocity head in the
40-foot-diameter conduit, The head loss measurements
were obtained for model Reynoilds number range
between 3 x 10° and 1,1% 10°. The Reynolds number
tor prototype operation will be approximately 1 x 108,
but the model studies showed that the head loss




40-FT. DIAMETER - CONDUIT
40-FT. UPSTREAM FROM
P.C. OF LOWER BEND

35-FT. DIAMETER GONDUIT
40-FT. DOWNSTREAM FROM
RT. OF LOWER BEND - -

FLAISED""ENTRANCE, SYMMETRICAL- APPROACH FLOW

Figd're 19, Effect of irashrack on veiocity distribution. ~

coefficients did not change significantly for Reynolds

numbers greater than 5 x 10%. In determining the loss-

coefficients the friction loss was not separated frum
the total loss.

Upper bend.—The velocity distribution upstream and
downstream of the upper elbow was not determined;
however, the velocity distribution upstream of the
lower elbow indicated that the Tflow was not
excessively upset by the upper elbow, Figure 21, The
velocity near the ciown of the penstock was slightly

higher than in the invert, which would be exnected as a-
result of the centrifugal force of the flow going around -

the bend. Also, the velocity in the lower left guadrant
was 4 to b feet (1.2 to 1.5 meters) per second lower

than in the lower r|ght quadrant : a3

The eneray loss caused by the upper elbow was 0.08
velocity head, typical for a 459 elbow with this radius
of curvature_{0,03 velocity head for friction loss and
0.05 w';:»cuty head for bend loss).

Lower bends—energy !o.&:s —T he energy Ioss coefflments-

were essentially the same for th three configurations
testad. The loss coefficient varied from 0.10 for the
100-foot (30.5-meter] radius elbow with conical
reducing sectlon to 0.11 for\fboth the 100-foot- rad:us

and 140-foot (42.7-meter) radius reducing dlameter
elbows. These loss coefficients were not excessive and
indicated that the three. configurations would be
equally satisfactory.

Velocity distribution.--The three elbow configurations
gave almost the same velocity . distribution at the

i downstream entrance to the scrollcase, Figure 21. The .

140-foot-radius reducing diameter elbow and the elbow .
with the reducing cone -showed a very minor higher
velocity in the lower right quadrant, and the

- i00-foot-radius reducing diameter elpow showed a very

small low .velocity area in the center. All three

. configurations indicated a lower velocity at the crown
~and higher velocity on the invert due to the centrifugal

forbe of the f,[ow going around the bend.

The model studles indicated no apparent ddvantagezs
for any one of the elbows. The 100—fcot-aadlus
reducing diameter elbow was selected for protatype
installation, . )

Small Entrance Studies

_ The hydraulic characteristics of the entrance were so
* satisfactory that it was thought &.smaller entrance

might prove adequate and would be.more economical.
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" VELOGITY PATTERN IN

_-80-FT. DIAMETER PENSTOCK U.S.

FROM P.C. OF LOWER BEND

VELOGITY PATTERN (N

35-FT. DIAMETER PENSTOCK D.S.

FROM PT. OF 140 FT. RADIUS
REDUCING BEND

~ VELOCGITY PATTERN IN

35-FT. DIAMETER PENSTOCK D.S.
FROM P.T. OF 100 FT. RADIUS
REDUGCING DIAMETER BEND

VELOCITY PATTERN [N
35-FT. DIAMETER PENSTOGK D.S.
FROM 100 FT. RADIUS BEND
- WITH REDUCING GONE

“Fiaure 21. Effect of bend configuration on velecity distribution.




For the first trial of a smaller entrance, an entrance
area to penstock area ratio of 0,.9:1 was selected. The
1-1/2:1 height-to-width ratio and the geometry of the
entrance curves of the larger entrance were retained,
Figure 22. The 40-foot (12,2-meter} long transition
between the entrance section and the penstock was

.. also retained, although the geometry of the transition

was modified to accommodate the change in area.

Three tests made to evaluate this ertrance were thef_‘-

head loss caused by the entrance and transition, the
pressure distribution along the boundaries, and -the
degrea of turhulence at the same piezometers used 10

measure the pressure distribution. As a result of these .

tests, velocity traverses in the penstock were not made.

Head loss.—The head loss measurements were taken for
a model Reynolds number range from 3 x 19° to 1.1 x
10°, the same as for the other entrances. The head loss
coefficient for this entrance ranged from about 0.17 at
the tow Reynolds number to 0.12 for the high value,
Figure 23. From the shape of the curve, the projected

prototype head loss coefficient would probably be
about 0.12 compared to 0.08 for the larger entrance.

Pressure distribution,—Piezometers to measure the

pressure distribution were placed on the right and left
side centerlines, .the top right corner, and the top
centerline.

The pressure drop coefficients obtained from these
measurements showed excessively high pressure drop
both at the entrance and through the
rectangular-to-circular transition, Figure 24,
Instantaneous pressure fluctuations at these
piezometers were also greater than had been notec in
the recommended design. At most piezometers the
fluctuations were from 2 to & feet {0.06 to 0.18 meter}
of water in magnitude at a frequency of about 2 hertz,

Because of the adverse flow conditions in this entrance,
no further tests were made ‘and it was considered
inadvisable to investigate smaller entrances. '
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APPENIIX

The oscillograms shown in this appendix are instantaneous pressures obtained from a pressure transducer on the
impact line of a pitot cylinder. The dimensions shown are in model values and should be multiplied by the model
scale, 41,74, to obtain prototype dimensions. The heavier lines of the horizontal time scale are 1-second intervals in
the model, equivalent to approximately 6.5 prototype secands. The space between the heavier horizontal grid lines.
{5 spaces between the lighter grid lines} on the vertical or magnitude scale is equivalent to 0.25 feet {7.5 cm} of
water in the modei, or about 10.5 feet (3.2 meters) of water prototype. All the measurernents were made at a
discharge equivalent to 35,000 cfs {990 cu m/sec). Plates T to 8 show the pressure fluctuations with the
recommended entrance: Plates 8 1o 16 show pressure fluctuations with the flared entrance.
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Surenn of Adcidimsiion

CCNVERSION FACTORS-BRITISH 10 METRIC UNITS OF MEASUREMENT

The foliowlisc conversion factors adopted by the Bureau of Reclamation are those published by the American
Soz ety for .crimg and Materials {ASTM Metric Practice Guide, E 380-68) except that additional factors (*)

coramanly used in the Bureau have been added. Further discussion of definitions of quantities and units is given in
;hc ASTH Metric Practice Guide,

The metric units and conversion factors adopted by the ASTM are based on the “International System of Units”
{designaled Si for Systeme International d*Unites), fixed by the International Committee for Weights and
Measures; this system is also known as the Giorgi or MKSA {meter-kilogram {mass)-second-ampere) system. This
gystm has been adopted by the Interaational Organization for Standardization in 180 Recommendation R-31,

The meztrie technical unit of force is the kilggram-forea; this is the force which, when applied to a body having a
mass af 1 kg, gives it an ecceleration of 9.80665 m/sec/sec, the standard acceleration of free fall toward the earth’s
genter for sea tevel at 45 deq latitude, The metric unit of force in S| units is the newton {N). which is defined as
that farce which, when applied 1o a body having a mass of 1 kq, gives it an acceleration of 1 m/sec/sec. These units
must be distinguished from the (inconstant) local weight of a body having a mass of 1 kg, that is, the weight of a
body is that force with which a body is attracted to the earth and is equal to the mass of a body multiplied by the
accaleration due to gravity, However, because it is general practice to use “pound” rather than the technically
correct term “pound-farce,” the term “kilogram® lor derived mass unit} has been used in this guide instead of
“kilagram-farce™ in expressing the conversion factors for forces. The newton unlt of force will find |ncreas|ng use,
and is essential in S units. .

Where approximate or nominal English units are used to express & value or range of values, the converted metric .
units in parentheses are also approximate or nominai. Where precise Engllsh units are used, the converted metric
units are expressed gs equaly sigruficant values.

Tahle |

QUANTITIES AND UNITS OF SPACE

" Multiply : By Ta obtain
LENGTH A
Mil e 25 4exactly) .. .. e e e e Micran®./
inches . ...... P 2o.4lexactly) .. .. ..., oo Millimeters
Inches . ...... e e 254 (exactly)® . . ... ... ... .. e Centimeters
Feet .. .- ..., . v vu.- 3048 {exactly) . ... e Centimeters
Feat .. ..o .'v i e © D3048 fexactivl™ L ... e Meaters
Feet . .. .vmive e 0.0003048 {exactly)™ ... .. ... ... ... Kilometers
Yards .. el s - 09144 {exactlyl . . ... oL Meters
. Miles {statute) ... ....... 1,600.344 (exactly)® .. .. ...... .. ..... .. Meters
i! MHES oo oo 1600344 fexacthy) ... ... ......... Kilomewers
: :
& AREA
Squareinches , ., .. .. ... .. ’ 64516 (exactly) . ... ... ..., . Square centimeters
Squarefeet ... .. ... .... ) TO29.08 L L, e s e Square centimeters .
Squarefeet .. _ ... ...., 0092903 .. ......-.... [ Square meters
Squarevards . ... ....... 0836127 .. . . i Square metecs
ACTES 't e e e . ‘040469 . ... . ... o e e e Hectares
AGrES . o v s Q0469 . . e Square meters
ACTES .\ v v ec i i e e "DOMDABE L L. Square kilometars
Souaremiles ... ... 258999 . ... e Square kilorneters
' VOLUME
Cubicinches ., .......... . 163871 . L .. e Cubic centimeters
Cubicfest ., ...,.... ... 0.0283168 . ....... e Cubic meters
Cubicvyards . ........... 0764555 .. .. ... .. e Cubic meters

CAPACITY -

Fluidounces (US} .. ... .. 2958737 .. ... ... RN e Cubie centimeters

Fluidounces (LIS .. ... .. 295722 L L e e e e Miliititers
Liguid pints (US.) . ....... TRATATIO L L e e Cubic decimeters
Liquid pints {U. S) ........ [0 e T Liters
Quarts{U.S.) . .. ..., .. O46.358 L. ... Cuhlc centimeters
Cuants {US) ... ... - B . T+ Liters -
Gallens{US) .. .. ....... FRTBEAR L. . Cubic centimeters .
Gallons{US.) . ... .o o CoBTBBA3 L i Cubic decimeaters
Gallons{US) . ... . ... A78533 . ..o s e Liters
Gallons(US) .. ... .. ..., S'DO0378543 . .. b e e e Cubic meters
Gallons (LK} ... ... ..., 454609 . .. ... e Cubic decimeters
Gallons (UK. ... ....... 454506 . .. ... e Liters
Cubic feat . i £ 5 1 0 Liters
Cubic yarr: LT3 Liters
L2838 . s e Cubic meters

............................. Liters




Taule Il

QUANTITIES AND UNITS OF MECHANICS

Multiply By To obtain
MASZ

Grains (1/7,00000) .. ..... .. 64,79891 ’.éxaclly) ........................ Jilligrams -

Troy ounces {480 gralnsl 31035 ... ... e e e Grams.

Qunces |avdp) . BIVE Grams

Pounds [avdp) 045369237 [exactly} .. ... ... ... .. ... ... Kilograms

Shorttons (2,000100 ... ... .. 807185 .. .. ... e <+« Kilograms

Shor tons (2,00006) . ... .. 0.807185 R Metric tors

Longtons (224018 ... ..... T01B.05 . .. e Kilograms

i FORCE/AREA
.: .. Pounds per squareinch .. .., .. 0070307 .. ... s i Kilagrams per square centimeter
. Pounds per square inch 06B9476 . ... . _ .. ...... 0. Mewtons per square centimeter
S Paunds per square foot 4.88243 . Kilagrams per square meter
: _ Pounds per square foot 478B03 ... e Newtons per xquare meter
MASS/VOLUME [DENSITY}

OQunces per cubicinch . ., .., .. 172889 . . . . Grams per cubic centimeter

Pounds per cubicfoot . . ... ... 60186 ...l RIS Kilograms per cubic meter

fPounds per cubic foat . .. ... L. 0016086 L .. ... Grams per cubic centimeser

Tons ffeng) per cubie yard . . . .. 132884 ... ... .. e e Grams per cubic centimeter

)

Qunces per gallen {18 . ... .. Grams per Hter

Ounces per gallon {LLK) . .. .. Grams per liter

Paurnds per gailon IUS) . ... .. Grams per liter

Pounds per gatlon (UK . ... .. Grarms per liter

Inchpounds . . ........... 0.011521 ... .. e e e e Meter-kilograms

Inch-paunds .. .. ......... e 108 L. Centimeter-dynes

Footpounds ... ._........ D.i13B2B5 .. ....... e e e Meter-kilograms

FOOLPOUNds v oo v e i u s 135582 x 107 .. ... e . Centimeter-dynes

Foot-paurdsperinch . .. ..... 4431 ., L. . Cunt[meler-kllngrams per centimeter

Qunee-inches . .. ... ....... F2O008 .. . e Gram-centimeters

VELOCITY

Feetpersecand ........... 3048 fexactly) .. ... ... . oL ., Centimeters per second

Featpersecond . ... ....... (L3048 [exactlyl® ... ... ... ... R Meters per second

Feptperyoar . .. ..o v v s *096887ax 1076 w4+« a0 Gentimeters per second

Milesperhour ... ......... 1.609344 [exactly} e Kilometers per haur

Mitesperhour . ... ... ... . 0.44704 {exactly)

Mueiers per second

I‘J ACCELERATION®
il
Feet per second? , . .ir. .. .. .. D3048 L. e , . Meters per second?
[N
A FLOW
Cubic {eet per second
{second-feet) ... ......... "0.028317 Cubic meters per second
L Cubic feet perminute . .. ... .. 0.4719 .. e e e Liters per secand
B Gallons (LL.5.) per minute . ., , .. 006309 . ....... e i e Liters per secand
FORCE® S
Pounds . .........¢ .0 .as 0453592 L. ... .. -. e A e Kilograms
Pounds .......... [T *4.4482 N ) . Newtons
Pounds ................ .. Dynes

Table 11-Centinued

Multiply By Tu obtain

WOBK AND ENERGY”

British thermal units {8tu} 2B L e e e e Kilogram celaries
British thermal units (810} . . . . . T055.06 . .. ... e e e e Joules
Hweperpound .. ... ....... 232 exactlyl L ... Joules per gram
Footpounds . ... ......... C13BLB2 L L e e Joules
POWER
Horsepower . . . .. . ... ..... Watts
Btuperhour ... .......... ... Watls
Fool-pornds per second .. . . .. 138582 . . e e e e Watts

Btu in./hr ft2 degree F [k,

thermal conductivity| . .+ . . .y 1.442 L Miiliwatisfem degree C
Bru in./hr ft< degree F {k, ~

thermal conductivity) . . ., ... D240 ., ... e ey <. Kgcal/hr m degree C
Btu ft/tr ﬂ? degree F . .. .. ... “TA8BD . ... e Kg cal mi/hr m2 degree C
Btu/hr 2 degree F {C,

thermal eonductance) . . . . . ., DBER it Milliwatts/em? degree C
Btu/hr #2 degree F {C,

thermal conductance) . . ... .. ABBZ .. e e e .+ . Kgcatinr w2 degree C
Degeee F hr f12/Btu (R,

thermal resistancel . .. ... .. L Degree € con?/miiliwan
Btu/lh degree F (c, heat capacity) . &1BBB . .. ... .. ... ... . ... ..., Jgdegree C

Calfgrnm degree C

Btu/lb degree £
i e Gmefsec

F:nfhr [thormal diffusivity)

Flzp'hr {thermal diffusivity) Mz.fhr
Geainsfr 2 jwater vapor] )

tramsmissiont ... ... ... 1 e e e e e Grams/24 hr m*
Perms {pzrmeance) . L. .. OB5% .. e e Melrig perms
Perm-inches (permeabilityl . .., . 28 Matric perm-centimetess

Table 111
OTHER QUANTITIES AND UNITS
Multipty By - * Taaldain

Cubic feet per squarg foot per day {seepage) 3048 ... .. ... Liters per square metler per day
Paund-seconds per square foot {viscosityt .. ., . . ‘48824 ....... Kilogram sacond per stuare meter
Square feet per second [viscosity) ., ..., .. .. 0092803 ,,......... Square meters per secand
Fahrenheit degrees {change]® .. .. ... ...... 5/3 exactly . . . . Celsius or Kelvin degrees (change} *
Valtspermil .. ... .. e 003937 .......... ". . Kiiovalis per miflimeter
Lumens per square foot (faot.candlesy ., . ., ., . 10.764 ..., P Lumens per sequara meter
Ghm-circular mils per {oat D.o0i662 . . . Ohm-square millimeters per meter

Millicuries per cubic feot *35,3147 Millicuries per cubic meter
Milliamps per square foot *10.7639 . .. Miltiamps per square meter
Gallony per square yerd 4527299 .. ... .. ... .. Liters per square meter
Poundsperéinch . .. ....... e e e *0.17858 Kiloyrams per centimeter

GPO §15. 188




ABSTRACT .,

Hydraulic model fnvestigations were performed on a 1:41,75 scale mode! to aid in the
design of the penstock entrances and lower bends of the Third Powerplant at Grand
Coulec Dam. The initial entrance with a 2:1 height-to-width ratio, entrance area equal to
penstock area, and a small radius entrance curve jndicated excessive head loss and poor
pressure distribution along the flow surfaces. A longer compound radius entrance curve
reduced the head loss and mproved’the pressure distribution along the flow surfaces. A

more economical entrance with a 1-1/2:1 height-to-width ratio and the compound radius’

entrance curve showed excellent hydraulic characteristics and was selected for prototype

installation. The proposed trashrack will add to the head loss but will not affect other-

flow conditions. A model with flared entrance curves on the ieft side and roof was also
tested but showed no significant improvements in ftow characteristics. A model with the

entrance area sgual to 9/10 the penstock areq_indicated- excessive head loss and poor .

pressure conditions. Vortex observations indicated the' possibility of air-entraining
vortices with all entrances tested, More detailed vortex studms on another model will be
reparted separately. Three types of lower bends were, lnuestlgated None showed any
particular hydraulic advantage.

ABSTRACT

. B0

Hydraulic mede! investigations were performed on a 1:41.75 scale modellto aid in the
design of the penstock entrances and lowsr bends of the Third Powerplant at Grand
Coulee Dam. The initial entrance with a 2:1 height-to-width ratio, entrance area equal to
penstock arega, and a small radius entrance curve indicated excessive head loss and poor
pressure distribution along the flow surfaces, A longer compound radius entrance curve
reduced the head loss and improved the pressure distribution along the flow surfaces. A
more econormical entrance with a 1-1/2:1 height-to-width ratio and the compound radius
entrance curve showed excellent hydraulic characteristics and was selected for prototype
installation. The. proposed trashrack will add to the head ioss but will not affect other
flow conditions. A model with fared entrance curves on the left side and roof was also
tested but showed no significant irnprovernents in flow characteristics. A mode! with the
entrance area equal to 9/10 the penstock area indicated excessive head loss and poor
pressure conditions. Vortex observations indicated the possibility of air-entraining
vortices with all entrances tested. More detailed vortex studies on another modet will be
reported separately. Three types of Iower bends were investigated. None showed any
particular hydraulic advantage.
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ABSTRACT

Hydraulic model investigations were performed on a 1:41.75 scale model to aid in the
design of the penstock entrances and lower bends of the Third Powerplant at Grand
Coulee Dam, The initial entrance with a 2:1 height-to-width ratio, entrance area egual to
penstock ares, and a small radius entrance curve indicated excessive head loss and poor
pressure distribution along the flow surtfaces. A longer compound radius entrance curve
reduced the head loss and improved the pressure distribution along the flow surfaces, A
more economical entrance with a 1-1/2:1 height-to-width raxio and the compound radius
entrance curve showed excellent hydraulic characteristics and was selected for prototype
installation. The proposed trashrack will add to the head loss but will not affect other
flow conditions>A-rpodel with flared entrance curves on the left side and roof was also
tested but showed ne-iignificant improvements in flow characteristics. A model with the
entrance area equal to 9710 the penstock area indicated excessive head loss and poor
pressure conditions. Vortex observations indicated the possibility of air-entraining
vortices-with all entrances tested. More detailed vortex studies on another model will be
reported separately. Three types of lower bends were investigated. None showed any
particular hvdrauhc advantage.

ABSTRACT

" Hydraulic model investigations were performed on a 1:41.75 scale model to aid in the

design of the penstock entrances and lower bends of the Third Powerplant at Grand
Coulee Dam, The initia! entrance with a 2}1 height-to-width ratio, entrance area equal to
penstock area, and a small radius entrance curve indicated excessive head loss and poor
pressure distribution along the flow surfaces. A longer compound radius entrance curve
reduced the head loss and impraved the pressure distribution along the flow surfaces. A
more economical entrance with a 1-1/2:1 height-to-width ratio and the compound radius
entrance curve showed excellent hydraulic characteristics and was selected for prototype
installation, The proposed trashrack will add to the head loss but will not affect other
flow conditions. A model with flared entrance curves on the teft side and roof was also
tested but showed no significant improvements in flow characteristics. A model with the
entrance area equal to 9/10 the penstock area indicated excessive head loss and poar
pressure conditions. Vortex observations indicated the possibility of air-cntraining
vortices with all entrances tested. More detailed vortex studies on enother model will be
reported separately, Three types of lower bends were investigated, Mone showed any
particular hydraulic advantage. .
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